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Summary
Establishment of the nitrogen-fixing nodulation symbiosis between legumes and rhizobia
requires plant-wide reprogramming to allow infection and development of nodules. Nodula-
tion is regulated principally via a mechanism called autoregulation of nodulation (AON). AON
is dependent on shoot and root factors and is maintained by the nodulation autoregulation
receptor kinase (NARK) in soybean. We developed a bioassay to detect root-derived signalling
molecules in xylem sap of soybean plants which may function in AON. The bioassay involves
feeding of xylem extracts via the cut hypocotyl of soybean seedlings and monitoring of
molecular markers of AON in the leaf. Transcript abundance changes occurring in the leaf in
response to feeding were used to determine the biological activity of the extracts. To identify
transcript abundance changes that occur during AON, which may also be used in the bioas-
say, we used an RNA-seq-based transcriptomics approach. We identified changes in the leaves
of bioassay plants fed with xylem extracts derived from either Bradyrhizobium japonicum-
inoculated or uninoculated plants. Differential expression responses were detected for genes
involved in jasmonic acid metabolism, pathogenesis and receptor kinase signalling. We identi-
fied an inoculation- and NARK-dependent candidate gene (GmUFD1a) that responds in both
the bioassay and intact, inoculated plants. GmUFD1a is a component of the ubiquitin-
dependent protein degradation pathway and provides new insight into the molecular
responses occurring during AON. It may now also be used in our feeding bioassay as a molec-
ular marker to assist in identifying the factors contributing to the systemic regulation of nodu-
lation.
Introduction
Symbiotic relationships play critical roles in plant adaptation and
survival. Legume plants and soil bacteria known as rhizobia
engage in a symbiotic relationship that results in the develop-
ment of specialized root organs known as nodules. As the nod-
ules develop, the infecting rhizobia undergo differentiation into
bacteroids that use a nitrogenase complex to fix atmospheric
dinitrogen into ammonia. The ammonia is then provided to the
plant in exchange for photoassimilates, principally malate
(Udvardi et al., 1988).
Nodule development commences in response to interspecific
signalling events (reviewed by Ferguson et al., 2010). The num-
ber of nodules that form is predominantly regulated by a sys-
temic process called autoregulation of nodulation (AON), which
is mediated by unknown long-distance signalling factors acting
between the roots and the shoots (Delves et al., 1986; Reid
et al., 2011b). A root-derived signal (Q) is transported to the
leaf and initiates the nodule regulation responses that occur via
the shoot-derived inhibitor (SDI) signal, which is transported
down to the roots to inhibit nodulation.
Root-derived CLE peptides capable of nodule regulation (Lim
et al., 2011; Mortier et al., 2010, 2011; Okamoto et al., 2009;
Reid et al., 2011a; Saur et al., 2011) are candidates for the
mobile Q signal, which is perceived by nodulation autoregula-
tion receptor kinase (GmNARK) in soybean (Searle et al., 2003)
and its orthologues in other legumes (Krusell et al., 2002; Ni-
shimura et al., 2002; Schnabel et al., 2005). NARK comprises
an extracellular LRR domain that likely forms a semicircular
shape, which is the proposed binding site for a CLE ligand (Reid
et al., 2011a). An intracellular kinase domain is also required
for NARK activity, presumably for the propagation of down-
stream signals. GmNARK is also expressed in the root (Non-
tachaiyapoom et al., 2007) where it likely plays a related role in
locally regulating nodulation in response to nitrate-induced CLE
peptides (Reid et al., 2011a). In addition to NARK, it has been
demonstrated that the CLV2 receptor protein functions in the
shoot as part of the AON mechanism in Lotus japonicus and
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Pisum sativum (Krusell et al., 2011) as does an LRR receptor
kinase in L. japonicus called KLAVIER (Miyazawa et al., 2010).
Downstream of NARK, SDI is produced and is transported,
presumably via the phloem, to the roots where it inhibits
further nodulation events (Ferguson et al., 2010; Reid et al.,
2011b). The chemical nature of SDI is currently unknown,
although by using a bioassay approach, it has been partially
characterized as a small, heat-stable, NARK-dependent molecule
that is not likely a protein or RNA (Lin et al., 2010, 2011).
Other than SDI, relatively little is known about the molecular
components of the AON pathway acting downstream of NARK.
Studies have been undertaken using Affymetrix arrays and
subtractive hybridization techniques to identify leaf responses
during nodule regulation (Kinkema and Gresshoff, 2008; Seo
et al., 2007). These studies indicated the importance of hor-
mone signalling in the leaf, specifically a role for jasmonic acid
(JA). That JA may play a role in negatively regulating nodulation
has also been suggested through foliar methyl jasmonate appli-
cation studies using L. japonicus (Nakagawa and Kawaguchi,
2006).
The sequencing and publication of the soybean genome
(Schmutz et al., 2010) and the availability of high-throughput
sequencing technology have enabled the profiling of the
soybean transcriptome by sequencing of cDNA (RNA-seq).
RNA-seq has now been employed to identify transcript abun-
dance changes occurring in various tissues and ⁄ or in response
to various treatments, including inoculation with Bradyrhizobi-
um japonicum (Libault et al., 2010a). Much of this transcrip-
tome data have been made available in public atlases to assist
in identifying transcript-level changes in soybean (Libault et al.,
2010b; Severin et al., 2010). However, to date, none of these
studies have focussed on changes occurring in the leaf in
response to nodule establishment in the roots.
We developed a bioassay to identify novel long-distance sig-
nalling molecules that influence AON and to test the activity of
existing CLE peptide candidates in AON. This bioassay is com-
prised of a feeding technique to introduce various solutions and
plant extracts into the xylem of recipient scions. Expression of
molecular marker genes is subsequently quantified in the leaf of
the fed scions to identify differences occurring in response to
feeding. To determine NARK-dependent nodulation genes regu-
lated in the leaf and to identify suitable molecular markers for
our feeding bioassay, we profiled the unifoliate leaf transcripto-
mes of xylem sap–fed soybean scions using the Illumina RNA-
seq platform. This approach identified a number of pathways
regulated in the leaf, including expected changes in JA metabo-
lism, biotic stress responses and signalling. An ubiquitin fusion
degradation protein–encoding gene (GmUFD1a), which is regu-
lated in an inoculation- and NARK-dependent manner and may
play a role in the NARK signalling pathway, was identified and
represents a robust candidate for use in our bioassay.
Results
Development of a bioassay to detect long-distance
nodulation signals
To identify nodulation-dependent signals moving from the roots
to the shoots, we established a novel feeding bioassay. Sys-
temic, root-derived nodulation signals were assumed to be
transported in xylem sap. Therefore, xylem sap was collected
from soybean plants that were either forming nodules (and thus
expected to contain the signals) or not. The purity of the sap
was ensured by using mutant plants. Hypernodulation nark
mutants (Gmnark, nts1116; Carroll et al., 1985; Searle et al.,
2003) having a greater proportion of infections that develop
into mature nodules (Mathews et al., 1989) and an increased
expression level of the Rhizobia-induced CLE1 (RIC1, Reid et al.,
2011a; Lim et al., 2011) were used as they were expected to
possess elevated levels of the mobile signals. Likewise, mutants
unable to form nodules (Gmnfr5a, nod139; Indrasumunar et al.,
2010) were used as they were expected to be devoid of the
mobile signals. Gmnfr5a plants lack early nodulation responses
that precede the onset of AON signalling by CLE peptides
including initial root hair curling and are likely devoid of other
early nodulation events such as calcium flux and spiking events,
as is observed in Ljnfr5 plants (Miwa et al., 2006). The sap was
collected from cut hypocotyls as previously described (Djordjevic
et al., 2007). Sap extracts were designated Q+ (from nodulating
Gmnark plants, containing the presumed root-derived AON sig-
nals) or Q) (from non-nodulating Gmnfr5a plants, devoid of
AON signals).
The xylem sap extracts were subsequently introduced into
the xylem of soybean scions cut from plants that had not been
previously exposed to B. japonicum. The scions were cut under
water to prevent cavitation, and feeding was performed by
immersing in xylem sap extract (Figure 1a). To ensure that the
recipient plants were not already responding to nodulation sig-
(a) (b)
(c)
(d)
Figure 1 A bioassay technique to introduce aqueous extracts into the
xylem of excised scions. Soybean seedlings with fully expanded unifoliate
leaves were cut at the crown and immersed in feeding solutions (a).
Feeding of solutions containing blue food dye confirmed that the
extracts were taken up and transported in the xylem of recipient scions
(b). The blue food dye accumulated in the unifoliate leaves (c, d).
Unifoliate leaves before (c) and 24 h after (d) the commencement of
feeding with blue dye.
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nals (e.g. via B. japonicum contamination), non-nodulating
mutant Gmnfr5a plants were used. Feeding blue food colouring
confirmed that the fed solutions were successfully introduced
into the xylem of recipient plants and were transported to the
unifoliate leaves (Figure 1b–d).
Identification of leaf genes responding to mobile
nodulation signals
Relatively little is known about the transcript abundance
changes occurring in the leaf of soybean during AON. To date,
only techniques developed before the availability of the soybean
genome have been employed to decipher these responses
(Affymetrix array, Kinkema and Gresshoff, 2008; subtractive
hybridization, Seo et al., 2007). RNA-seq enables a more
thorough examination of the transcriptome as it does not
require prior knowledge of a gene and its expression. Further,
the high sensitivity of RNA-seq allows genes with low expres-
sion levels to be identified (Marioni et al., 2008).
Using the Illumina GAIIX platform, RNA-seq was used to iden-
tify genes with altered transcript abundance between leaves fed
with Q+ and Q) sap. Unifoliate leaves were harvested and
pooled for RNA extraction 48 h after beginning feeding. Using
75-bp single-end reads, more than 16 million reads were
obtained from each of the sample libraries (Table 1). Illumina
sequence data were submitted to NCBI SRA under accession
numbers SRX130434 (Q+) and SRX130435 (Q)).
To ensure that the greatest number of reads mapped to the
soybean gene models, reads were trimmed according to the
quality score for each base. Poor-quality sequences were
trimmed to generate reads with a Phred quality score of ‡15
over a minimum of 50 bp. After trimming, approximately 8.9
and 9.0 million high-quality reads were obtained for the Q+
and Q) libraries, respectively (Table 1). Trimmed reads were
aligned to soybean gene models (available from phyto-
zome.net ⁄ soybean; Schmutz et al., 2010) using the SOAP2 pro-
gram (Li et al., 2009). After trimming, 83.1% of reads mapped
to gene models from the Q+ library and 58.5% of reads
mapped to those from the Q) library. Additionally, a significant
number of reads mapped to the genome outside of the anno-
tated gene models, with 6% and 7.4% mapping from the Q+
and Q) sap samples, respectively (Table 1). Of the 75 778 gene
models used for mapping, 53 456 genes were deemed to be
expressed by having at least one read that mapped, including
51 144 genes expressed in the Q+ sample and 49 748 genes in
the Q) sample. Several factors appear to contribute to the
mapping success of these reads as different success rates in the
Q+ and Q) samples were not explained by the Phred quality
scores alone. Factors such as the RNA quality, library construc-
tion and reads derived from organellar genomes may have
played a part in the sequencing accuracy and mapping success.
The difference in mapping success between samples
highlights the importance of an appropriate normalization
procedure for RNA-seq data. To identify genes that were differ-
entially represented between the two treatments, read numbers
were normalized using the edgeR bioconductor package devel-
oped specifically for RNA-seq (Robinson and Oshlack, 2010).
The edgeR method uses a scaled global normalization of the
fold changes in RNA abundance on the assumption that
the majority of genes are not differentially expressed between
the two samples. This normalization and analysis method indi-
cated that 3877 genes had differential transcript abundance
(P £ 0.05), with 1486 genes increased in the Q+ sample relative
to the Q) sample and 2391 genes decreased. Of these genes,
503 and 426, respectively, were calculated to have a greater-
than-twofold change in abundance. A list of genes with altered
transcript abundance is shown in Table S2.
Genetic pathways altered in the leaf in response to
nodulation signalling
The assignment of genes to functional categories can assist in
identifying differentially regulated pathways and reduce the
dependence on assumptions based on individual differentially
expressed genes in large-scale data sets and is commonly
applied to transcriptomic data (Conesa et al., 2005; Khatri and
Dra˘ghici, 2005; Thimm et al., 2004). To identify genetic path-
ways that were over-represented in either of the two samples,
soybean gene models were assigned to functional categories
using Mercator software (a MapMan tool available at http://
mapman.gabipd.org/web/guest/app/mercator), and MapMan
analysis was performed (Thimm et al., 2004). Mapman analysis
revealed widespread transcriptional changes occurring in leaves
in response to the onset of nodulation in the roots. Eight func-
tional categories of interest were identified as either over- or
under-represented (P £ 0.05). These included categories associ-
ated with hormone metabolism, biotic stress, receptor-mediated
signalling and several miscellaneous categories (Table 2).
A number of genes in each of these categories showed greater-
than-twofold changes in transcript abundance (Figure 2). Some
representative genes that were differentially regulated from
these pathways are shown in Table S1.
The most statistically significant of the eight groups deemed
to be over-represented in the samples fed with Q+ xylem sap
are lipoxygenases associated with JA biosynthesis. Lipoxygenas-
es (EC 1.13.11.12 and 1.13.11.58) catalyse the formation of
hydroperoxides from a-linolenic or linoleic acid, which then pro-
vide the starting point for several biological molecules, including
Table 1 Deep-sequencing read alignment statistics
Sample
Total
reads
Quality
reads*
Reads aligned
to gene models
Reads aligned
to gene models
(% of quality
reads)
Reads aligned
outside gene
models
Reads aligned
outside gene
models (% of
quality reads)
Q+ 16 266 760 8 945 452 7 439 084 83.16 534 916 5.98
Q) 16 654 984 9 043 599 5 289 532 58.49 391 175 7.40
*Reads with minimum 50 bp at Phred ‡15.
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JA (see reviews by Feussner and Wasternack, 2002; Waster-
nack, 2007).
Three functional groups related to plant development signal-
ling or pathogen response were also identified as over-
represented in the Q+-fed samples: pathogenesis-related (PR)
proteins, type XI LRR receptor kinases and DUF26 ⁄ cysteine-rich
receptor-like kinases (RLKs). PR proteins are involved in the acti-
vation of pathogen responses and comprise a family of diverse
proteins and functions, some of which are also regulated devel-
opmentally (van Loon et al., 2006). LRR RLKs are known to
function in both pathogen-related and developmental signalling
pathways, possibly via common signals (Lee et al., 2011).
Within the large family of LRR receptor kinases, many type XI
receptors (Shiu and Bleecker, 2001) are proposed to function in
CLE peptide–mediated developmental regulation (CLV1, Clark
et al., 1997; TDIF, Hirakawa et al., 2008; BAM1-3, DeYoung
et al., 2006; NARK, Searle et al., 2003). An additional class of
receptor-like kinases identified in this study, the DUF26 ⁄Cyste-
ine-rich RLKs, has been shown to be induced in response to
pathogen infection, salicylic acid (SA) treatment or reactive oxy-
gen species (ROS) (Chen, 2001; Czernic et al., 1999; Wrzaczek
et al., 2010).
The four other categories identified as over-represented in
the Q+-fed samples (cellulose synthesis, cytochrome P450s, raf-
finose metabolism and chloroplast targeting) have less clear
associations with expected systemic nodulation responses, and
further investigation will be required to determine how they
may be involved. Cellulose synthesis is essential for cell wall syn-
thesis and development and has been identified in root
responses to nodulation (Brechenmacher et al., 2008); however,
it is unclear what function it may play in the leaf. Cytochrome
P450s are a large family of enzymes, which catalyse a number
of hydroxylation reactions, but it is unclear what role they may
play in the leaf during nodulation. The significance in regulation
of raffinose metabolism, and chloroplast targeting are similarly
unclear.
Identification, confirmation and initial characterization
of a bioassay candidate
To confirm the transcript data obtained from RNA-seq and to
further characterize the bioassay response of select candidate
genes, RT-qPCR analysis was performed. These analyses indi-
cated that the expression profile of a ubiquitin fusion degrada-
tion 1 family gene (GmUFD1a, Glyma06g01000) shows
significantly increased abundance in leaves from scions fed with
Q+ xylem sap relative to those fed with Q) xylem sap at 24 h
(P < 0.05; Figure 3). This is consistent with the RNA-seq results,
which showed that UFD1a had significantly increased transcript
levels in Q+-fed relative to Q)-fed samples (10.67-fold change;
P = 0.007). Searches of publicly available RNA-seq data (Libault
et al., 2010a,b; Severin et al., 2010) indicated that UFD1a is
expressed in the leaf (normalized expression values 0.71 and 0)
and flower (normalized expression values 7.41 and 11) of wild-
type soybean, but was not in other tissues tested. Initial analy-
ses indicated that UFD1a showed the most reliable and robust
bioassay response of the candidate genes tested, so subsequent
efforts were focussed on characterizing this gene.
Glyma06g01000 encodes a predicted protein of 301 amino
acids including a UFD1 domain (pfam03152) between residues
27 and 205. Ubiquitin fusion degradation proteins of this type
are conserved across yeast, animals and plants (Johnson et al.,
1995). No other significant domains were identified in the
Table 2 A selection of functional categories over- and under-repre-
sented in RNA-seq data set as determined by Mapman analysis
Category P-value
Transcripts with
altered
abundance in
category
Up Down
Over-represented
JA metabolism—lipoxygenases 0.001 25 1
PR (pathogenesis-related) proteins 0.002 21 15
Cellulose synthesis 0.004 12 2
Type XI LRR receptor kinases 0.007 11 4
DUF 26 receptor kinases 0.016 20 11
Cytochrome P450 0.002 18 8
Under-represented
Raffinose metabolism 0.021 2 7
Protein targeting—chloroplast 0.017 0 3
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Figure 2 Functional categories differentially reg-
ulated between plants fed with Q+ or Q) xylem
sap extracts. A number of differentially regulated
genes were identified in each of the eight cate-
gories of interest deemed to be over-represented
between the two treatments according to Map-
man analysis (Thimm et al., 2004). Differentially
regulated genes exhibiting a greater-than-
twofold change in transcript abundance were
detected in several of these categories. The
number of genes with significantly (P < 0.05)
increased < twofold (white bars),
increased > twofold (light grey bars),
decreased < twofold (black bars) and
decreased > twofold (dark grey bars) transcript
abundance are shown.
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remainder of the protein; however, two well-conserved regions
of 16 and 13 amino acids were identified in the C-terminal
region of sequence alignments with the most similar Arabidop-
sis and soybean genes (Figure S1). To our knowledge, these
regions do not have a defined function, although it has been
proposed that they may play a role in binding of protein or ER
targets of UFD1 (Wei et al., 2009). Because of the polyploid
nature of the soybean genome, we also investigated whether
the paralogous copy of UFD1a was differentially expressed in a
similar manner. Glyma04g00980 (GmUFD1b), which shares
83% nucleotide identity with GmUFD1a, was expressed in our
RNA-seq data, but did not show a significant increase in abun-
dance in the Q+-fed sample (0.85-fold abundance change;
P = 0.375). Publicly available RNA-seq data (Libault et al.,
2010b; Severin et al., 2010) showed that UFD1b is also
expressed in leaf, flower and root of wild-type soybean.
Searches of Arabidopsis sequence databases indicated that
GmUFD1a is most similar to At2g21270 (64.7% similarity) and
At4g38930 (53.8% similarity). To our knowledge, these genes
have not been reported to show altered expression in response
to developmental changes or plant–microbe interactions in
Arabidopsis.
Transcript abundance of UFD1a in response to
inoculation
If UFD1a responds to a root-derived AON signal, then we
expected its increased transcript abundance to be dependent
on B. japonicum inoculation of the roots and the presence of
GmNARK in the leaf. An inoculation time course of UFD1a tran-
script abundance in unifoliate leaves of wild-type and nts1116
(Gmnark) plants confirmed this to be true (Figure 4). In wild-
type leaves, inoculation significantly increased UFD1a abun-
dance at 96 h, but not at earlier time points (Figure 4). UFD1a
transcript abundance in the leaf was higher in nts1116 relative
to WT at each time point assessed. However, no difference was
observed between inoculated and uninoculated nts1116 plants,
indicating that the inoculation-induced increase is NARK depen-
dent. Over the course of the study, UFD1a transcript abundance
increased significantly in all samples except for those of uninoc-
ulated WT plants (Figure 4).
To further characterize the response of UFD1a, its transcript
abundance was determined in 12 tissue types from inoculated
and uninoculated wild-type plants. Transcript abundance was
highest in above-ground tissues, particularly in unifoliate leaves
and trifoliate leaf veins (Figure 5). Inoculation with B. japonicum
resulted in an increased UFD1a abundance in all shoot tissues
examined, whereas none of the root tissues tested showed an
inoculation response (Figure 5). Because of the involvement of
NARK in nitrate-dependent regulation of nodulation in the root
(Reid et al., 2011a), we tested whether either UFD1a or UFD1b
responds in roots to nitrate or ammonium treatment. No
response was found for either gene in roots treated with either
KNO3 or NH4Cl relative to the KCl control (Figure S2).
Discussion
CLE peptide–encoding genes acting in AON that have been
hypothesized to act as the mobile root-derived signal (Q) have
recently been identified in soybean (Lim et al., 2011; Reid et al.,
2011a), L. japonicus (Okamoto et al., 2009) and Medicago trun-
catula (Mortier et al., 2010). However, the peptide itself has
not yet been isolated or shown to move. In addition, relatively
little is known about the components of AON functioning in
the leaf in response to the establishment of nodulation in the
roots. An enhanced understanding of the pathways acting in
nodule regulation will allow us to extend the current model of
AON, which is critical to nodulation but remains relatively
poorly understood. To help address these issues, we used Illu-
mina RNA-seq to identify novel genes and gene functional cate-
gories acting in the leaf in response to Q. We have used one of
the genes identified through this study as a marker for AON in
a novel bioassay we established to identify the presence of Q in
sample solutions.
A xylem refeeding assay to identify AON responses
in the leaf
The absence of direct identification of mobile signals acting in
AON led us to develop a bioassay to identify and characterize
candidate molecules. A bioassay approach has proved successful
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Figure 3 Leaf expression of an ubiquitin fusion degradation protein–
encoding gene (UFD1a) following xylem-feeding bioassay experiments.
UFD1a (Glyma06g01000) transcript abundance was significantly
increased (P < 0.05) in WT soybean leaves of scions fed with Q+ xylem
sap extracts relative to those fed with Q) extracts based on RT-qPCR
(24 h after commencing extract feeding) (a) and RNA-seq (48 h after
commencing feeding) (b).
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in the characterization of the chemical nature of the shoot-
derived AON signal, SDI, although no molecular candidates
have yet been reported (Lin et al., 2010). We sought to develop
a bioassay to test whether the CLE peptides identified in AON,
or other candidates, may be moving systemically in the plant as
the Q signal. The bioassay method we developed consists of
two parts. Firstly, aqueous samples are introduced into the
xylem of cut assay plants and are transported to the leaf. Sec-
ondly, the relative transcript abundance of AON marker genes
in the leaf of the assay plants is monitored to determine the
presence or absence of signals capable of inducing an AON
response.
The feeding of blue dye showed that aqueous samples can
be reliably introduced into the xylem of cut assay plants and
transported to unifoliate leaves, which can subsequently be
used to assess the AON response. Illumina RNA-seq analysis of
leaves fed with xylem sap extracts in this manner allowed for
the identification of new genes and pathways acting in the leaf
in response to nodulation. From this data, we identified that an
ubiquitin fusion degradation protein–encoding gene, GmUFD1a,
responds in the leaf to the onset of nodulation in the root. This
was confirmed using both intact plants inoculated with B. ja-
ponicum and recipient bioassay scions fed with xylem sap
extracts from nodulating plants. By monitoring the transcript
abundance of GmUFD1a, the bioassay may now be applied to
identify and confirm the movement of candidate CLE peptides
acting in AON. Furthermore, factors in samples confirmed to
induce an AON response in the leaf could be purified and sepa-
rated to aid in their identification using analytical techniques
such as mass spectrometry (MS).
Leaf transcriptome changes in response to nodulation
and AON
To date, RNA-seq-derived transcriptomic studies in soybean
have focused primarily on developmental or tissue-specific
changes in transcript abundance (Libault et al., 2010b; Severin
et al., 2010) or on nodulation responses in the root (Libault
et al., 2010a; Satomi Hayashi, CILR UQ, unpublished data). Our
work expands the available transcriptome data in soybean and
identifies new genes and pathways acting in the leaf during
AON. We predicted that several classes of genes associated
with AON may be identified in this study, including those
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Figure 4 Transcript abundance of UFD1a in uni-
foliate leaves following inoculation with Brady-
rhizobium japonicum. Transcript abundance of
UFD1a in Bragg (WT) leaves significantly
increased in inoculated (circles) compared with
uninoculated (crosses) plants at 96 h (P = 0.008,
n = 4). This was not observed at earlier time
points. UFD1a transcript levels were significantly
higher in nark leaves (nts1116) relative to WT at
each time point (P < 0.05), but no difference
was observed between inoculated (triangles) and
uninoculated (squares) nark plants. Note the sim-
ilarity of pattern compared to those detected by
Kinkema and Gresshoff (2008).
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Figure 5 Expression profile of UFD1a in several
tissues following Bradyrhizobium japonicum inoc-
ulation. UFD1a transcript abundance 3 weeks
after inoculation was higher in shoot tissues than
in root tissues. Enhanced UFD1a abundance in
inoculated (black bars) compared to uninoculated
(white bars) plants was only observed in above-
ground tissues. Transcript abundance was signifi-
cantly increased in response to inoculation
(P < 0.05 where n = 3) in the veins of trifoliate
leaves, the hypocotyl and the shoot tip.
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required for processing or transporting Q; triggering signalling
responses downstream of NARK; or synthesizing and modifying
SDI. Non-AON-specific responses were predicted to include
those associated with rhizobia recognition and infection, similar
to repression of pathogenesis responses noted in roots (Lohar
et al., 2006; Salzer et al., 2000). Transcriptomic changes related
to other nodulation events, such as nitrogen fixation, hormone
fluctuations and cell divisions, were also predicted. The eight
groups of interest identified here by MapMan analysis include
several of these expected response categories, as well as other
categories lacking a clear association with these predicted
responses.
Our identification of components of the JA pathway, in par-
ticular lipoxygenases, supports previous evidence that JA signal-
ling in the leaf plays a role in AON (Kinkema and Gresshoff,
2008; Seo et al., 2007). In particular, Kinkema and Gresshoff
showed that NARK-dependent nodulation signalling alters the
JA signalling pathway via control of lipoxygenase expression.
Foliar application of methyl jasmonate is also reported to reduce
nodule numbers in L. japonicus, further indicating a potential
role for the hormone in regulating nodulation (Nakagawa and
Kawaguchi, 2006).
That PR genes were identified in this study provides further
evidence for a conserved response to both pathogenic and
symbiotic infections. This confirms previous reports showing
that several pathogenesis-related genes are up-regulated in
the leaves following the onset of nodulation and AON (Kink-
ema and Gresshoff, 2008). It has been reported that Gmnark
mutant plants are more susceptible than their associated
wild-type lines to infection by red crown rot fungus (Tazawa
et al., 2007), highlighting that there are common elements in
response to both symbiotic and pathogenic infections.
Our identification of two classes of receptor kinases (type XI
LRRs and DUF26 ⁄ cysteine-rich RLKs) that are over-represented
in Q+-fed samples supports previous proposals of parallel path-
ways and cross-regulation between receptors acting in plant
development (Kinoshita et al., 2010). The specific receptors
within these families that respond to mobile nodulation signals
will require further analysis to more specifically identify what
role they play in nodulation responses. It is of interest that
NARK belongs to the type XI LRR receptor family, although the
gene encoding it does not appear to be regulated during nodu-
lation. The complex interplay between the homologue of NARK
in Arabidopsis, CLV1, with other CLV1-like receptors in the
shoot apical meristem (SAM) (Clark et al., 1997; DeYoung
et al., 2006; Jeong et al., 1999; Muller et al., 2008) may sug-
gest that several receptors interact with NARK in AON, possibly
including those with reported functions in AON (KLAVIER,
Miyazawa et al., 2010; CLV2, Krusell et al., 2011). Several
receptor-kinase-like genes were identified by Kinkema and
Gresshoff (2008) as being regulated in the shoot by NARK,
although these were generally found to be regulated in a rhizo-
bia-independent manner. The remaining functional categories
identified here had less clear associations with known or pro-
posed AON responses and will require further analysis to deter-
mine their role.
UFD1a as an AON marker
Our data show that UFD1a has consistently increased transcript
abundance both in intact soybean plants following B. japoni-
cum inoculation and in bioassay scions fed with xylem sap
extracts from nodulating plants. This change in abundance was
NARK dependent, suggesting that UFD1a acts downstream of
NARK in the AON pathway. These findings helped confirm that
UFD1a is a good candidate for use as a marker gene in our Q
bioassay.
UFD1a was not found in previous studies that focussed on
AON changes in the leaf (Kinkema and Gresshoff, 2008; Seo
et al., 2007). This is likely due to technological limitations of
these previous methods and illustrates the benefits of RNA-seq
analysis. Libault et al. (2010a) report that fewer than 20% of
predicted soybean genes could be reliably quantified from the
soybean Affymetrix chip, largely due to a lack of EST support
in the chip design or the result of probes matching more than
one gene in the highly duplicated soybean genome.
The inoculation time course study confirmed that UFD1a
showed increased transcript abundance in the leaf after rhizobia
inoculation of the root system. The lack of response in nts1116
plants after inoculation indicates that UFD1a transcript abun-
dance changes are NARK dependent and that UFD1a may be
functioning downstream of NARK in the leaf. The increased
UFD1a levels observed in the nts1116 plants may indicate that
NARK generally acts to restrict abundance of UFD1a transcripts
in WT plants. The absence of a functional copy of NARK and ⁄ or
activation by an inoculation-dependent signal may increase
UFD1a abundance.
The increase in UFD1a transcript abundance 48 h post-inocu-
lation is consistent with the predicted timing of AON responses
in the leaf. The putative long-distance peptide signal encoded
by GmRIC1 shows enhanced expression in the root zone of
nodulation at 24 h and continues to increase strongly until 96 h
(Reid et al., 2011a). If this CLE peptide is indeed the Q signal
that is transported to the leaf, then a sufficient concentration
of it may be required before NARK activation is achieved.
Resulting changes to transcript levels in the leaf would there-
fore be expected to lag behind rhizobia inoculation of the
roots.
The heightened inoculation-dependent level of UFD1a tran-
scripts in leaf tissues, in particular the veins, is consistent with
the expression pattern observed for NARK. Promoter analysis
studies have shown that GmNARK is expressed in the phloem
parenchyma and is highest in unifoliate leaves (Nontachaiya-
poom et al., 2007). That UFD1a responds in the shoot to rhizo-
bia inoculation, but not in the roots to nitrate treatment,
suggests that it acts in the systemic AON pathway to regulate
nodule numbers but not in the local nitrate regulation of nodu-
lation pathway. Indeed, neither UFD1a nor its paralogue UFD1b
was changed in the root in response to rhizobia or nitrate treat-
ment. This is consistent with previous reports demonstrating
that genes responding systemically to inoculation in an NARK-
dependent manner may not respond locally to inoculation in
the root (Kinkema and Gresshoff, 2008). However, it seems
possible that another, yet to be identified gene encoding an
ubiquitin fusion degradation protein may function in this
process.
A role for ubiquitin in AON?
Ubiquitin modification provides a means to regulate develop-
ment by targeting proteins for degradation (Santner and
Estelle, 2010). Ubiquitin molecules are conjugated to proteins
which are then recognized by the ubiquitin degradation path-
way and targeted to proteasomes for degradation. UFD1
domain containing proteins are highly conserved across
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eukaryotes and may function in a complex (Hitchcock et al.,
2001; Ye et al., 2001). Mammalian homologues have been
shown to be involved in ligand-induced degradation of recep-
tors (Alzayady et al., 2005), while other members have been
shown to localize with the Arabidopsis somatic embryo recep-
tor kinase (SERK) at the plasma membrane (Aker et al., 2006).
Interestingly, CLV1 has recently been shown to become inter-
nalized to lytic vacuoles in the presence of CLV3 (Nimchuk
et al., 2011). It is possible that UFD1a may play a role associ-
ated with the regulation of NARK localization at the cell mem-
brane via degradation in response to extracellular nodulation
signalling. Further work will be required to confirm and char-
acterize what role if any UFD1a plays in regulated protein
degradation associated with AON.
Conclusions
We applied Illumina RNA-seq technology to the study of sys-
temic signals in the regulation of nodule development. Several
thousand genes were identified that respond in the leaf to sig-
nals in the xylem sap of soybean following rhizobia infection.
This analysis identified the ubiquitin fusion degradation gene,
UFD1a, as a component of NARK-dependent nodulation
signalling in the leaf.
The identification of new genes involved in AON signalling
enhances our understanding of the important legume process
of nodulation. Ongoing efforts will utilize these components to
assist in the molecular identification of signals acting in this
pathway to further enhance our understanding of nodule
regulation.
Experimental procedures
General plant and bacterial growth conditions
Soybean (Glycine max) cv. Bragg and the isogenic mutant lines
nod139 (Gmnfr5a) and nts1116 (Gmnark) were used in all
experiments. Plants were grown in controlled glasshouse condi-
tions (28 and 26 C, day and night, respectively, with a 16-h
day length) when whole plants were used or in a controlled
growth chamber under the same temperature and light condi-
tions with 80% (RH) humidity for bioassay plants. Autoclaved
pots and vermiculite were used when sterile growth conditions
were necessary. Seeds were sterilized when required using 70%
(v ⁄ v) ethanol for 1 min followed by several washes with water.
Plants were inoculated with B. japonicum CB1809 grown in
YMB at 28 C and diluted to an OD of approximately 0.01 at
600 nm. Xylem sap was collected using a 5-mL syringe attached
to the cut hypocotyl of 3-week-old plants as described previ-
ously (Djordjevic et al., 2007). For nitrate or ammonium treat-
ments, plants were watered with 10 mM solutions of either
KNO3, NH4Cl or KCl for 1 week prior to harvesting the root
tissue for RT-qPCR.
Bioassay and RNA collection
Plants used for the bioassay were grown under glasshouse
conditions until the unifoliate leaves were fully expanded but
before the first trifoliate leaf expanded (approximately 7–
8 day). Plants were uprooted and cut just above the roots
while under water to avoid cavitations. The cut seedlings were
then transferred under water to a 5-mL vial. The water was
removed using a plastic Pasteur pipette to a level just above
the bottom of the stem following which 2 mL of sap was
added to the vial. The vials were sealed with Parafilm to pre-
vent evaporation. The assay plants were placed in a germina-
tion tray with transparent plastic lid overnight in a growth
chamber. The unifoliate leaves were harvested from these
plants at 24 or 48 h after beginning treatment and snap-fro-
zen in liquid nitrogen. For the blue dye experiment, blue food
dye diluted in water was added to the vial instead of sap. A
photograph was taken from above the cotyledons before and
after 24 h. After 3 h, sections were taken through the hypo-
cotyl and visualized with a stereomicroscope to identify the tis-
sue types containing the blue dye. The bioassay conducted for
the RNA-seq experiment was carried out for 48 h with 10
plants in each treatment. Leaves were pooled for RNA extrac-
tion and subsequent library construction.
Illumina libraries and sequencing
Total RNA was extracted from the leaf samples using TRIzol
reagent according to the manufacturer’s instructions (Invitro-
gen, Carlsbad, CA). RNA-seq libraries were prepared for each
sample according to standard protocols (Illumina, San Diego,
CA) by the Australian Genome Research Facility (AGRF, Bris-
bane, Qld, Australia). In summary, mRNA was isolated from
total RNA using Sera-Mag Oligo-dT beads (Thermo Scientific,
Waltham, MA) and fragmented with divalent cations. Frag-
mented mRNA was reverse-transcribed to cDNA using random
primers and Superscript III (Invitrogen). End repair was per-
formed to blunt-end cDNA followed by the ligation of 3’
adenine base overhangs. Oligonucleotide adapters with thy-
mine overhangs were ligated to the cDNA. Ligated fragments
of approximately 200 bp were selected and purified from
agarose gel. PCR enrichment of the libraries was performed
before each library was sequenced with 75-bp single-end
reads on one lane of the Illumina GAIIx. Illumina sequence
data are available from NCBI SRA under accession numbers
SRX130434 (Q+) and SRX130435 (Q)).
Trimming and mapping of reads
Illumina sequence data were processed to leave reads with a
minimum length of 50 bp where the Phred quality score was at
least 15 at each nucleotide. Processed reads were mapped to
predicted soybean gene models (Phytozome release 4.01;
Schmutz et al., 2010) using SOAP 2.20 (Li et al., 2009) with
default parameters. Reads that did not map to the predicted
models were mapped against the complete genome using
SOAP and default parameters. The number of reads mapping to
each gene model was normalized using the edgeR Bioconductor
package (Robinson and Oshlack, 2010). Differentially expressed
genes (P £ 0.05) were identified using the Fisher’s exact test in
edgeR.
Annotation and statistics
Soybean gene models were functionally categorized into
BINs ⁄ subBINs for Mapman analysis using Mercator software
(both available at http://mapman.gabipd.org; Thimm et al.,
2004). Over-represented BINs were identified using the Wilco-
xon’s rank sum test with Benjamini–Hochberg correction pro-
vided in Mapman (version 3.5.1) (Thimm et al., 2004). In
addition to annotations obtained from Phytozome, BLASTp of
the GenBank database (NCBI) was performed to confirm the
annotation of differentially expressed genes of interest.
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RT-qPCR analysis
Total RNA was extracted from homogenized frozen tissue as
described above. DNAse treatment (Fermentas, Burlington, VT,
Canada) in the presence of MgCl2 was performed on 1 lg RNA.
cDNA was synthesized from 0.5 lg of DNAse-treated RNA using
Superscript III (Invitrogen). RT-qPCR was performed on an ABI
7900HT cycler in 384-well plates with SYBR green fluorescence
detection (ABI, Foster City, CA). Reactions were performed in
duplicate for at least three biological replicates using primers
with a target amplicon of 100 bp and 60 C annealing tempera-
ture. Transcript abundance was calculated relative to GmCons6
(Libault et al., 2008) after correction for PCR efficiency and plot
correlation (R2) of each primer pair determined with LinRegPCR
7.5 (Ramakers et al., 2003). Student’s t-test was used to deter-
mine the statistical significance of transcript abundance changes.
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